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General Introduction 
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I-1 Luminescence quantum yield 
The relaxation processes of an excited molecule consist of radiative and nonradiative 
processes. “Fluorescence” is defined as the radiative transitions occurring without 
change in the spin multiplicity in a molecule, and “phosphorescence” is defined as those 
with change in the spin multiplicity. In a similar manner, “internal conversion” is 
defined as nonradiative transitions without change in the spin state, and “intersystem 
crossing” is defined as those with change in the spin state. Figure I-1 illustrates various 
rate processes included in the relaxation processes of an excited molecule.  
There are four characteristics that can be associated with a molecular luminescence: 
(a) energy, (b) quantum yield, (c) lifetime, and (d) polarization. From absorption and/or 
emission wavelength, one can construct an energy state diagram of the molecule. The 
quantum yield and lifetime are essential photophysical quantities to determine the rate 
constants for the radiative and nonradiative processes, i.e. kf, kp, kic, kisc, and kisc’. 
Polarization of absorption and emission is related to the electronic structure of the 
excited state involved in the transitions. It has long been recognized that among the 
photophysical quantities (a)-(d) the quantum yield is one of the most difficult quantities 
to determine the accurate value [1,2].  
The photoluminescence quantum yield is defined as the ratio of the number of 
emitted photons to that of absorbed photons as follows. 
The fluorescence quantum yield: 
10
f01
f
toexcitinginabsorbedquantaofnumber
emitted,quantaofnumber
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hSS ν+→
=Φ  (I-1) 
The phosphorescence quantum yield: 
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For the Φf, Φp, the quantum yield of S1→S0 internal conversion (Φic), and the quantum 
yield of S1→T1 intersystem crossing (Φisc), the following relations are derived. 
fff τk=Φ  (I-3) 
ficic
τk=Φ  (I-4) 
fiscisc
τk=Φ  (I-5) 
iscppp
Φ=Φ τk  (I-6) 
where τf and τp are the fluorescence and phosphorescence lifetimes. Based the 
measurements of Φf, Φic, Φisc, Φp, τf and τp, the rate constants kf, kic, kisc, kp can be 
evaluated, and then kisc’ is given by  
ppisc
kk −= −1' τ  (I-7) 
The luminescence quantum yield measured for a molecule in solution varies 
depending on the experimental conditions, including the kind of solvent, the 
concentrations of sample molecules and dissolved oxygen in the solution, temperature, 
and excitation wavelength. When the physical conditions are fully specified, the 
absolute quantum yield can, in principle, be precisely determined. However, even if 
these parameters are specified, a number of pitfalls exist, which must be considered 
explicitly to determine reliable quantum yields. These include polarization effects, 
refractive index effects, reabsorption/reemission effects, internal reflection effects, and 
the spectral sensitivity of the detection system [3,4]. 
Representative methods for the determination of luminescence quantum yields are 
listed in Table I-1. The principle of these methods is briefly reviewed in the following 
sections. 
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Method
  I. Absolute Method Vavilov method (using magnesium oxide as a standard)
Weber and Teale method (using solution scatterer as a standard)
Calorimetric method
Integrating Sphere method
  II. Relative Method Optically Dense method
Optically Dilute method
Table I-1 Methods of Determination of Luminescence Quantum Yields
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I-2 Absolute method 
I-2-1 Vavilov method 
Over the past several decades, considerable efforts have been made to develop 
reliable methods for determining luminescence quantum yield [3,4]. As summarized in 
Table I-1, they can be classified into absolute (or primary) methods and relative (or 
secondary) methods. The first reliable absolute method was developed by Vavilov [5]. 
In the Vavilov method, a solid scatterer (magnesium oxide) is used to calibrate the 
detector/excitation system absolutely. The detector first monitors the sample 
luminescence generated by total absorption of the excitation light focused to a point in 
the cell. The detector then records the light that is diffusely scattered from the 
magnesium oxide surface, which was substituted for the original cuvette. The absolute 
quantum yield of the sample can be calculated by substituting these data together with 
some additional information into complicated equations as described below [3]. 
A schematic diagram of the apparatus based on the Vavilov method is shown in 
Figure I-2, where the excitation light intensity is E (in units of quanta / sec). When the 
MgO surface is irradiated by the excitation beam, the total number of scattered photons 
per second, Es, is given by 
 
ERE =s  (I-8) 
 
where R is the reflectance of the MgO surface to the exciting light. With the cuvette in 
place, the sample emits Ee (quanta / sec) given by 
 
fxe Φ= ETE  (I-9) 
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where Tx is the transmission coefficient of the cuvette window to the exciting light; Φf is 
the absolute quantum yield of the sample. 
If the sample can be treated as a point source and the emission is isotropic, the 
intensity of light is Ee/4π (quanta/sec-steradian). For a detector subtending a small solid 
angle α (steradians), the number of photons per second hitting its surface, Ne, is given 
by 
 
2
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e
4 n
ET
N
π
α
=  (I-10) 
 
where Te is the transmission coefficient of the cuvette window to the emitted light, n is 
refraction index of solvent. 
The MgO surface can be assumed to be an ideal diffuse reflector obeying Lambert’s 
cosine law. 
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where I(φ) is the intensity of scattered light at angle φ and I0 = I(φ = 0). Integration over 
a unit sphere yields the total number of quanta per second scattered by the MgO surface. 
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For a detector subtending a small solid angle, the number of scattered photons reaching 
the detector surface per second, Ns, is written as 
 
π
α
α s0s
E
IN == . (I-13) 
 
Because the sensitivity of most detectors is a function of wavelength, the response of 
the detector must be averaged over the spectral distribution of the observed light. The 
detector readings for the scattered light, Ds, and for the emitted light, De, are given by 
Eqs I-14 and I-15. 
 
( ) ( )
( )∫
∫=
=
νν
ννν
π
α
dI
dIS
K
ECK
D
s
s
s
ss
s
 (I-14) 
 
( ) ( )
( )∫
∫=
=
νν
ννν
π
α
dI
dIS
K
n
TECK
D
e
e
e
2
eee
e
4
 (I-15) 
 
where I(ν ) (quanta / sec cm-1) is the spectral distribution of the light falling on the 
detector, S(ν ) is the relative sensitivity of the detector to light of energy ν  (cm-1), K is 
the average detector output per photon, C converts the expressions to absolute units. 
The subscripts s and e refer to the scattered and emitted radiation, respectively. 
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In principle the quantum yield, Φf can be calculated from knowledge of the factors in 
Eq I-10. In practice some of these parameters are very difficult to obtain (especially C 
and α), and the scattering measurement is used to eliminate them. Combining Eqs I-8, 
I-9, I-14 and I-15 yields a working equation for Φf. 
 
2
exs
e
e
s
f 4 n
TT
R
D
D
K
K


















=Φ  (I-16) 
 
The accuracy of quantum yields determined on the basis of the Vavilov method 
depends on several factors which are difficult to measure. 
Melhuish [6] measured the absolute quantum yields of organic compounds based on 
the modified Vavilov method (Figure I-3). In the Vavilov method, scattered light and 
sample emission are detected directly; so that the spectral response of the detector must 
be corrected. However, in the Melhuish’s method the correction for the detector is not 
required, because a quantum counter (RhodamineB) is used. The Φf is expressed by the 
following equation: 
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where S and E are the light intensity scattered on the MgO surface and sample emission 
intensity, respectively. Re is the fraction of the exciting light reflected at an air glass 
interface when illuminated at 45° (see Figure I-3). Rf is the fraction of the exciting light 
reflected from an air glass interface when illuminated vertically. R1 is the relative 
reflectivity of the scatterer when illuminated at 45° compared with normal illumination 
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and R2 is the absolute reflectivity for the exciting light. (I0/Iθ)AV is the correction 
coefficient to angular aperture and written as 
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where I0 is the intensity per unit area in the absence of refraction effects, Iθ is given by  
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When the angular aperture is 2θ, then the Φf is given by Eq I-17. Melhuish used the 
following values for the correction: θ = 18°, (I0/Iθ)AV = 1.023, R1 = 0.92 R2 = 0.96, 
1-Re-Rf = 0.90. 
However, even if these corrections have been made, further corrections for the 
reabsorption and self-quenching are required to obtain accurate Φf values, because in the 
Vavilov method sample solutions with high concentrations are used to satisfy the 
requirement of total absorption of excitation light. 
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Figure I-2  Schematic diagram of an apparatus used in the  Vavilov method
12 
 
Figure I-3  Schematic diagram of apparatus of Melhuish method
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I-2-2 Weber and Teale method 
A schematic diagram of the apparatus used by Weber and Teale is shown in Figure I-4. 
Instead of the solid scatterer (MgO) used in the Vavilov method, Weber and Teale used 
solution scatterer (e.g. glycogen, colloidal silica). According to the Weber and Teale 
method, the Φf is given by Eq I-20 
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where e and s denote the sample emission and scattered light, respectively. The first 
term in Eq 20 is a direct measure of the intensity of the sample relative to the scattering 
solution. The second term corrects for the wavelength sensitivity of the detector. When a 
quantum counter is used, Ks/Ke can be assumed to be unity. The third term corrects for 
anisotropy. The values pe and ps are the polarization degrees of scattered light and 
emitted light, respectively. The last term corrects for refractive index differences 
between the sample and the standard solution. This method has the advantage that errors 
resulting from self-absorption and quenching of fluorescence can be eliminated by 
extrapolating measurements to zero concentration [7]. 
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Figure I-4  Schematic diagram of an apparatus used in 
the Weber and Teale method
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I-2-3 Calorimetric method 
The calorimetric method determines the luminescence quantum yield of compounds 
by measuring heat energy released by nonradiative transitions against absorbed energy. 
The light energy absorbed by a sample solution may reappear in three forms: 
luminescence, chemical energy, and heat. In the absence of photochemical reactions, the 
yield of the luminescence is determined by obtaining the yield of heat. When a beam of 
light with energy E0 incidents upon a fluorescent sample, the sum of the transmitted 
energy Et, the fluorescence energy Ef, and the heat energy Eh is equal to E0. 
 
hft0 EEEE ++=  (I-21) 
 
If Φh is the heat energy yield, then 
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h
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The fluorescence quantum yield becomes 
 
( )h
f
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f 1 Φ−=Φ ν
ν
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where νa and νf are the average energy of absorption and fluorescence, respectively. 
In the calorimetric method, a sample solution and a nonfluorescent reference solution 
with the same optical densities are irradiated by monochromatized light with the same 
wavelength and intensity. The temperature rise of the irradiated sample solution is 
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compared with that of the reference solution. Since the reference solution has heat 
energy yield of unity, the ratio of the temperature rises gives the nonradiative yield 
which is the complement of the fluorescence energy yield. The calorimetric method is 
able to eliminate corrections for (1) anisotropic emission, (2) refraction of emitted light, 
(3) detection geometry and (4) detector response as a function of wavelength. 
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Figure I-5  Schematic diagram of an apparatus used in 
the calorimetric method
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I-3 Relative method 
As described in I-2-1 and I-2-2, the absolute method requires various complex 
corrections to obtain Φf. Hence in most laboratories the quantum yield has been 
measured by using the relative method in which the quantum yield is obtained by 
comparing the luminescence intensity of sample solution with that of standard solution. 
For dense sample solutions, the quantum yield is obtained by adopting the Vavilov 
configuration (the optically dense method). Using Eq I-16 the luminescence quantum 
yield (Φf) of sample solution is derived as 
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where Φr is the luminescence quantum yield of standard solutions. When a quantum 
counter is used, Kr/Kf in Eq I-24 can be assumed to be unity, and Eq I-24 then simplifies 
to 
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The luminescence quantum yield of dilute solution is obtained by using the 
spectrofluorometer as shown in Figure I-6 (the optically dilute method). In the optically 
dilute method, the luminescence quantum yield is given by Eq I-26 
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where f and r stand for the sample and standard reference, respectively, F is the 
integrated luminescence intensity, A is the absorbance of the solution. Usually sample 
solutions with sufficiently low concentrations (A < 0.1) are used in the optically dilute 
method. In order to obtain the accurate quantum yield, corrections for the refractive 
index is required. In the quantum yield measurements of the sample molecules in 77K 
rigid solution, it is necessary to take into account the additional corrections for optical 
anisotropy. 
20 
 
light source
Figure I-6  Schematic diagram of a spectrofluorometer
used in the relative method
photomultiplier
tube 
monochromator
monochromator lens 
lens 
slit 
slit 
sample
or
reference 
21 
I-4 The purpose of this study 
891011121314151617Recently, integrating sphere instruments [8-18] have received considerable attention 
as they provide a simple and accurate means for determining the absolute luminescence 
quantum yield. By using an integrating sphere, much of the optical anisotropy is 
eliminated by multiple reflections on the inner surface of the integrating sphere. In the 
present thesis, a new apparatus to determine the absolute luminescence quantum yield 
of organic and inorganic molecules in solution at room-temperature and also in rigid 
solution at 77 K is developed by using an integrating sphere. Using this integrating 
sphere instrument, the absolute quantum yields of fluorescence standard solutions are 
reevaluated, and the fluorescence and phosphorescence quantum yields of 
1-halogenated naphthalenes and 4-halobenzophenones in 77 K rigid solutions are 
measured to determine the rate constants for the spin-forbidden radiative and 
nonradiative transitions. 
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II-1 Absolute measurements of luminescence quantum yields using an integrating 
sphere 
The fluorescence (Φf) and phosphorescence (Φp) quantum yields of solution samples 
at room temperature were measured with an absolute photoluminescence quantum yield 
measurement system (Hamamatsu, C9920-02), which is shown schematically in Figure 
II-1. This system consists of a Xe arc lamp, a monochromator, an integrating sphere, a 
multichannel detector, and a personal computer. A 10 mm path length quartz cuvette for 
solution samples is set in the integrating sphere. A monochromatic light source was used 
as the excitation light source, which mounted a xenon lamp with the lamp rating of 150 
W and an output stability of 1.0% (peak to peak). The excitation light was introduced 
into the integrating sphere by an optical fiber. The integrating sphere had an inner 
diameter of about 84 mm and contained a baffle between the sample and detection exit 
positions to prevent direct detection of the excitation light and/or emission from the 
sample. Spectralon (Labsphere) was mounted on the internal surface of the integrating 
sphere as a high reflectance material (99% reflectance for wavelengths from 350 nm to 
1650 nm and over 96% reflectance for wavelengths from 250 nm to 350 nm).  
A photonic multichannel analyzer PMA-12 (Hamamatsu, C10027-01) was used as the 
multichannel detector. It employed a BT-CCD with 1024 × 122 pixels and a pixel size 
of 24 µm × 24 µm providing a wide spectrum range from 200 nm to 950 nm. Figure II-2 
schematically shows the principle of a Czerny-Turner polychromator: the dispersion of 
the incident light by a grating and the detection of the dispersed light by a BT-CCD 
detector in PMA-12. The integrating sphere and the PMA-12 are connected by an 
optical fiber in which 15 core fibers are bundled. Figure II-3 illustrates the spectral 
response (without window) of front-illuminated CCD and BT-CCD. By using a 
BT-CCD, the sensitivity of the detector for fluorescence detection was vastly superior to 
25 
that of an optical detection system using a conventional CCD (i.e., a front-illuminated 
CCD), especially at short wavelengths. 
The sensitivity of this system was fully calibrated for the spectral region 250−950 nm 
using deuterium and halogen standard light sources. These standard light sources were 
calibrated in accordance with measurement standards traceable to primary standards 
(national standards) located at the National Metrology Institute of Japan. The primary 
measurement standards are based on the physical units of measurement according to the 
International System of Units (SI). The transfer accuracy in the sensitivity calibration 
was between ±2.4 and ±4.9%, depending on the wavelength. 
The fluorescence quantum yield Φf is given by 
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where PN(Abs) is the number of photons absorbed by a sample and PN(Em) is the 
number of photons emitted from a sample, λ is the wavelength, h is Planck’s constant, c 
is the velocity of light, sampleexI and 
reference
exI  are the integrated intensities of the 
excitation light with and without a sample respectively, sampleemI  and 
reference
emI  are the 
photoluminescence intensities with and without a sample, respectively. 
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Figure II-4 shows the excitation light profile and the fluorescence spectra obtained by 
setting quartz cells with and without a sample solution, when a 1 N H2SO4 solution of 
quinine bisulfate (QBS) is set inside the integrating sphere. The irradiation of a quartz 
cell that does not contain the sample solution gives the excitation light spectrum with a 
peak wavelength at 350 nm, and the excitation of the sample solution exhibits the 
fluorescence spectrum of QBS in the wavelength range 380 nm to 650 nm, which is 
accompanied by a reduction in the excitation light intensity. The spectra in Fig. II-4 are 
fully corrected for the spectral sensitivity of the instrument. The number of photons 
absorbed by QBS is proportional to the difference of the integrated excitation light 
profiles, while the number of photons emitted from QBS is proportional to the area 
under its fluorescence spectrum. Thus, according to Eq II-1, the fluorescence quantum 
yield can be calculated by taking the ratio of the difference of the integrated excitation 
light profiles to the integrated fluorescence spectrum. 
 
II-2 Absorption and emission spectra 
Absorption and emission spectra were measured with a UV/vis spectrophotometer 
(JASCO, Ubest-50) and a spectrofluorometer (Hitachi, F-4010), respectively. 
Rhodamine 6G/ethylene glycol solution was used for spectrum correction of the 
spectrofluorometer. 
 
II-3 Fluorescence lifetime 
Fluorescence decay times were determined with a time-correlated single-photon 
counting (SPC) fluorometer using a nanosecond flashlamp excitation source. For 
nanosecond lifetime measurements, the fluorescence decay curve was obtained by using 
an SPC apparatus (Edinburgh Analytical Instruments, FL-900CDT). A schematic  
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Figure II-4 Excitation light profiles and fluorescence spectrum 
obtained by 350 nm excitation of reference (solvent) 
and quinine bisulfate (QBS) in 1N H2SO4. The inset 
is an expanded fluorescence spectrum of QBS
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diagram of the system is shown in Figure II-5. A pulsed discharge lamp (pulse width 
~1ns, repetition rate 40 kHz) filled with hydrogen gas was used as excitation light 
source. The emission light was detected by a photomultiplier tube (Hamamatsu, R955). 
The measured decay curves were analyzed on the basis of the deconvolution method. 
The instrumental pulse width of the apparatus was ~1 ns. 
For picosecond lifetime measurements, the fluorescence decay curve was obtained by 
using the SPC system shown in Figure II-6. The picosecond lifetime measurements 
were carried out by using a self-mode-locked Ti:sapphire laser (Spectra-Physics, 
Tsunami; center wavelength 800 nm; pulse width ca. 70 fs; repetition rate 82MHz) 
pumped by a CW laser (Spectra-Physics, Millennia V; 532 nm; 4.5W). The second 
harmonic (400 nm, pulse width ca.200 fs) was generated by a sum frequency mixing of 
the fundamental and the second harmonic of the Tsunami laser system. The repetition 
frequency of the excitation pulse was reduced to 4MHz by using a pulse picker 
(Spectra-Physics Model 3980). The second harmonic (400 nm) in the output beam was 
used as trigger pulse. The emission light was detected by a microchannel plate 
photomultiplier (Hamamatsu, R3809U-51) after passing through a monochromator 
(Oriel, Model 77250). The instrumental response function had a half-width of 20-25 ps. 
The fluorescence time profiles were analyzed by iterative reconvolution with the 
response function. 
The analysis of the fluorescence decay curve was carried out on the basis of the 
deconvolution method. Using the Instrumental response function I(t) and the 
fluorescence decay curve D(t) obtained by  delta function excitation, the measured 
fluorescence decay curve F(t) is given by the following deconvolution integral: 
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where I(t) was measured by using a scattering solution, and I(t) and F(t) were measured 
under the same experimental conditions. D(t) was used as a fitting function and 
assumed as the sum of exponential functions: 
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where Bi and τi are the preexponential factor and lifetime, respectively. Using Bi and τi 
as fitting parameters, the integral in Eq II-2 was calculated and least-square fitted to the 
observed fluorescence decay curve. Difference between the raw fluorescence data Y(t) 
and F(t) was evaluated by using the following equation: 
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where σ(t) is statistical uncertainty of point Y(t). 
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Figure II-5 Schematic of time-correlated single photon counting 
instrument used for fluorescence lifetime measurements
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Figure II-6 Schematic of picosecond time-resolved fluorometer based on 
the time-correlated single photon counting method
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II-4 Transient absorption spectra 
Transient absorption spectra were obtained by using a nanosecond laser flash 
photolysis system shown in Figure II-7. The third harmonic (355 nm, pulse width 
4~6ns) or the fourth harmonic (266 nm, pulse width 3~5ns) of a Nd
3+
:YAG laser 
(Spectra-Physics, GCR－130) or XeCl excimer laser (Lambda Physik, LEXtra 50; 308 
nm, pulse width ~17ns) was used as the excitation source. The monitoring light from a 
xenon lamp (Ushio, UXL-150D) was focused into a sample cuvette by two convex 
lenses. The transient signals were detected by a photomultiplier tube (PMT) after 
passing through a monochromator (MC), and recorded on a personal computer. In order 
to improve the signal to noise ratio (S/N) of the signal, the data averaging was carried 
out over 5 to 10 shots. The absorbance of each sample solution was adjusted to be ca. 
0.7 at excitation wavelength. All sample solutions were degassed by the 
freeze-pump-thaw method. 
The temperature control of the sample solution in the fluorescence lifetime 
measurements was made by using a cryostat (Oxford, DN1704) controlled with a 
temperature controller (Oxford, ITC503) or by using a constant temperature system 
(IWAKI, CTS-201). 
 
II-5 Photoacoustic measurments 
The experimental setup for time-resolved photoacoustic spectroscopy system is 
shown in Figure II-8. Photoacoustic (PA) measurements were made by using the third 
harmonic (355 nm) of a Nd
3+
:YAG laser as the excitation source. The sample solution 
was irradiated by the laser beam after passing through a slit (0.5 mm width). The 
effective acoustic transit time was estimated to be ca. 340 ns, The laser fluence was 
varied using a neutral density filter, and the laser
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Figure II-7 Schematic of nanosecond laser photolysis system
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pyroelectiric energy meter (Laser Precision, Rjp-753 and Rj-7610). The PA signals 
detected by a piezoelectric detector (panametrics V103, 1MHz and panametrics M109, 
5MHz) were amplified by using a wide-band high-input impedance amplifier  
(panametrics 5675, 50 kHz, 40 dB) and fed to a digitizing oscilloscope (Tektronix, 
TDS-540). The temperature of the sample solution was held to ± 0.02 K.  
The intensity (H) of photoacoustic signal can be expressed as  
 
( ) LA EH −−= 101Kα  (II-5) 
 
where K is a constant containing the thermoelastic properties of the solution and 
instrumental factors, EL is the laser pulse fluence, A is the absorbance of the sample 
solution and α is the fraction of energy deposited in the medium as prompt heat within 
the time resolution of the experiment [1,2]. The theoretical background of photoacoustic 
spectroscopy is described in Appendix. Figure II-9a shows the photoacoustic signals 
taken for 2-hydroxybenzophenone (2HBP) in acetonitrile (CH3CN) at 293 K. As shown 
in Figure II-9b signal amplitude plotted against the laser fluence gave a straight line. 
Since it is known that the α value for the reference compound (2HBP) can be assumed 
to be unity, one can determine the α value of the sample compound by calculating the 
ratio of the slopes of the straight lines. 
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Appendix 
Theory 
Photoacoustic spectroscopy is based on the absorption of light, leading to the local 
warming of the absorbing volume element. The subsequent expansion of the volume 
element generates a pressure wave proportional to the absorbed energy, which can be 
detected by pressure detectors [1,2]. Rothberg and co-workers [3] initially modeled the 
photoacoustic experiment with a point source of heat given the analytical form 
(1/τ)exp(-t/τ), where τ is the lifetime of the transient and the preexponential term 1/τ is 
a normalization factor so that the total heat deposition of transient is independent of τ. 
The pressure transducer signal reflects the original heat deposition profile in space and 
time. Local thermal expansion initiates acoustic waves that obey the wave equation 
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where h(r’,t) is heat source function, r’ and t refer to the spatial and temporal source 
coodinate, vS is the speed of sound in the medium and P(r’,t) is the wave amplitude at 
the observer’s coordinate r’, t. when h(r’,t) is assumed to be an impulse source as the 
spread of the sound in spherical symmetry field, the wave amplitude P(r’,t) at the 
detector is given by  
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where r0 is the distance from heat source, h0 the total heat deposition. A transducer 
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converts P(ro,t) to an electrical signal. The transducer such as PZT was defined to be 
sensitive to longitudinal displacement waves and was modeled as an underdamped 
harmonic oscillator whose impulse response is. 
 
( ) ( )( ) 0sin, τ
tt
ettvAttG
′−
−
′−=′  (II-8) 
 
where G(t,t’) is Green’s function for the transducer, v is the characteristic oscillation 
frequency of the transducer. The detector response V(t) for an arbitrary forcing function 
P(r0,t) is given by convolving the impulse response with the forcing function: 
 
( ) ( ) ( ) tdtrPttGtV
t
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Thus, the photoacoustic waveforms (time domain convolution of the heat source and 
detector) can be modeled according to the following equation 
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where V(t) is the detector response, h0A/πr0 is constant, v is the characteristic oscillation 
frequency of the transducer, τ0 is the relaxation time of the transducer, τ is the transient, 
and 1/τ’ = 1/τ – 1/τ0. 
For n simultaneous reactions, V(t) is given by [4] 
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where K' is constant, φk is amplitude factor for transient k, φk is lifetime of transient k, 
and  1/τ’ = 1/τ – 1/τ0. Eq II-11 means that the observed acoustic wave resulting from 
the heat depositions of several simultaneous decays is the sum of the waveforms which 
would be observed from each of the decays individually. 
 
Photoacoustic signal measurement 
For photochemically simple systems with known quantum yield and kinetics, the 
amplitude of photoacoustic signal is related to the energy of the incident laser pulse by 
[5] 
 
( ) LA EH −−= 101Kα  (II-12) 
 
where H is the experimentally obtained amplitude of the acoustic signal, K is 
instrumental constant which depends on the geometry of the experimental set-up and 
the thermoelastic quantities of the medium, EL is the incident laser pulse energy, A is the 
optical density of the solution, and α is the fraction of the absorbed laser energy (Eabs) 
released as thermal energy (Eth) with the response time of the detector (prompt heat), 
and given by 
 
abs
th
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where 0 ≤ α ≤ 1. The application of Eq II-12 supposes a cylindrical acoustic wave. H is 
used to determine the fraction of the heat stored by species with τnr longer than the 
experimental time resolution of the instrument. In order to eliminate K, a calorimetric 
reference with α = 1 is needed. Using a calorimetric reference with α =1, the value of α 
for the sample is given by the ratio H/EL for sample and reference. 
 
Heat integration time 
The probable origin for the lower limit is that the measurements are ultimately 
limited by the acoustic transit time (τa) of the PAS apparatus. This parameter is defined 
as  
 
a
a
V
R
=τ  (II-14) 
 
where τa is the time required by the acoustic wave to travel across the laser beam radius, 
R is the radius of the excitation beam and Va is the velocity of sound in the sample 
medium . Assuming that the beam radius is 0.5 mm and a velocity of sound in water is 
1470 ms
-1
 at 293K, the acoustic transit time becomes 340ns. 
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III-1 Introduction 
As described in Chapter I the absolute methods require performing various complex 
corrections to obtain accurate quantum yields. Therefore, in most laboratories relative 
(secondary) methods are used to determine quantum yields. In the relative methods, the 
quantum yield of a sample solution is determined by comparing the integrated 
fluorescence intensity with that of a standard solution under identical conditions of 
incident irradiance. Thus, it is critical to correct for the spectral sensitivity of the 
instrument, and the measured quantum yield is only as accurate as the certainty of the 
quantum yield of the fluorescence standard. One of the most widely used secondary 
standards is quinine bisulfate (QBS) in 1 N H2SO4 at 298 K (Φf = 0.546 for infinite 
dilution) reported by Melhuish [1,2]. This value was estimated by extrapolating the Φf 
value (0.508) of 5.0 × 10
-3
 M QBS solution, which was determined by absolute 
measurements based on the modified Vavilov method, to infinite dilution using the 
self-quenching constant [1]. There is a limited amount of data available for such a 
widely used reference [3-8]. 9,10-Diphenylanthracene (DPA) has also been employed as 
a popular fluorescence standard because of its high quantum yield. However, the 
published quantum yields of DPA vary widely from 0.86 to 1.06 [9-13].4567891011121314151617181920212223 
As described in Chapter II, integrating sphere instruments [8, 14-23] provide a simple 
and accurate means for determining the absolute luminescence quantum yield. By using 
an integrating sphere, much of the optical anisotropy is eliminated by multiple 
reflections on the inner surface of the integrating sphere. A new instrument for 
determining the absolute luminescence quantum yield of solutions, solids [24], and thin 
films [24] has been developed by utilizing an integrating sphere for a sample chamber to 
eliminate the effects of polarization and refractive index from measurements. In Chapter 
III, The absolute quantum yields of representative fluorescent standard solutions are 
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reevaluated by using the integrating sphere instrument. 
 
III-2 Materials 
Figures III-1 and III-2 show the sample molecules used in this chapter. 
2-Aminopyridine (2-APY; Tokyo Kasei) was purified by recrystallization from 
cyclohexane. Quinine bisulfate (QBS; Wako) was purified by recrystallization three 
times from water. 3-Aminophthalimide (3-API; Kodak) and 
N,N-dimethylamino-m-nitrobenzene (N,N-DMANB; Tokyo Kasei) were purified by 
recrystallization from ethanol. 4-Dimethylamino-4’-nitrostilbene (4,4’-DMANS; Tokyo 
Kasei) was purified by recrystallization from chloroform. Naphthalene (Kanto) and 
1-aminonaphthlene (Tokyo Kasei) were purified by vacuum sublimation. Anthracene 
(Tokyo Kasei) was purified by recrystallization from ethanol. 9,10-Diphenylanthracene 
(DPA; Lancaster) was purified by high-performance liquid chromatography. 
N,N-Dimethyl-1-aminonaphthalene (Kanto) was purified by distillation under reduced 
pressure. Fluorescein (Wako) was purified by column chromatography on a silica-gel 
column using ethyl acetate as the eluent. Tryptophan (Kanto) was used as received. 
Cyclohexane (Aldrich, spectrophotometric grade), ethanol (Tokyo Kasei, 
spectrophotometric grade), sulfuric acid (Wako, analytical grade), benzene (Kishida, 
spectrophotometric grade) and o-dichlorobenzne (Kishida) were used without further 
purification.  
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Figure III-1  Structures of fluorescence standard compounds
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III-3 Results and Discussion 
III-3-1 Spectral sensitivity of instrument 
In the absolute fluorescence quantum yield measurements using an integrating sphere, 
the obtained absorption and fluorescence spectra of the sample solutions need to be 
corrected for the spectral sensitivity of the entire system, including the integrating 
sphere, the grating monochromator, and the photon detector. Thus, the spectral 
sensitivity of our instrument was calibrated both for an integrating sphere and a 
multichannel spectrometer by using deuterium and halogen standard light sources. 
Using the calibrated multichannel spectrometer (without the integrating sphere), we first 
remeasured the absolute fluorescence spectra of some standard solutions: 2-APY (10
-5
 
M in 0.1 N H2SO4), QBS (10
-5
 M in 0.1 N H2SO4), 3-API (5 × 10
-4
 M in 0.1 N H2SO4), 
N,N-DMANB (10
-4
M in benzene:hexane (3:7, v/v)), and 4,4’-DMANS (10
-3
 M in 
o-dichlorobenzene) [ 25 ]. The normalized fluorescence spectra of these standard 
solutions are displayed in Figure III-3 together with the data from the literature. [24,26] 
Good agreement was obtained for 2-APY, QBS, and 3-API, while a significant 
difference is found for the long wavelength region, i.e., the near-infrared region of 
N,N-DMANB and 4,4’-DMANS. Because our instrument uses a BT-CCD as the photon 
detector, its sensitivity in the near-infrared region is significantly better than that of a 
conventional photomultiplier tube. A complete set of corrected spectra (in relative 
quanta per wavelength) is summarized in Table III-1. 
Then the fluorescence spectra of these standard solutions were measured by using the 
entire system (including the integrating sphere). The corrected spectra agreed very 
closely with those obtained by the multichannel spectrometer, indicating that the 
spectral sensitivity of the whole system including the reflectivity of the integrating 
sphere is properly corrected in the spectral region 250-950 nm. 
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Figure III-3 Corrected fluorescence spectra for 2-APY (10–5 M in 0.1 N 
H2SO4), QBS (10
–5 M in 0.1 N H2SO4), 3-API (5×10–4 M in 
0.1 N H2SO4),N,N’-DMANB (10
–4 M in benzene-hexane (3:7, 
v/v)), and 4,4’-DMANS (10–3 M in o-dichlorobenzene）. 
Solid lines (this work). Broken lines (from ref. 25 and 26)
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λ  (nm) λ  (nm) λ  (nm) λ  (nm) I (λ ) λ  (nm)
300 1.2 322.6 4.9 380 0.8 635 1.8 384.6 1.4
305 1.0 331.7 14.9 385 1.6 640 1.7 388.3 3.5
310 2.0 346.0 66.3 390 3.0 645 1.5 392.2 5.5
315 2.2 359.7 98.1 395 6.0 650 1.3 396.0 8.7
320 4.4 367.7   100 400 11.6 655 1.0 400.0 13.8
325 10.5 375.9 91.8 405 21.4 660 1.2 404.0 19.4
330 23.9 390.6 66.0 410 33.0 665 0.8 408.2 26.6
335 41.2 404.9 37.1 415 46.2 670 0.8 412.4 36.6
340 56.5 420.2 20.2 420 59.3 675 0.7 416.7 45.5
345 73.2 434.8 9.5 425 71.2 680 0.8 421.1 54.7
350 85.9 450.5 4.9 430 80.7 685 0.5 425.5 64.6
355 95.3 465.1 2.4 435 88.9 690 0.7 430.1 74.6
360 98.9 480.8 0.6 440 93.2 695 0.4 434.8 82.5
365 98.9 445 97.7 700 0.6 439.6 90.0
370 96.3 450 99.4 444.4 95.0
375 91.1 455 99.9 449.4 98.6
380 83.4 460 98.6 454.5   100
385 73.6 465 95.5 459.8 99.2
390 65.7 470 90.9 465.1 97.5
395 56.9 475 86.8 470.6 93.8
400 48.5 480 81.9 476.2 88.3
405 41.9 485 76.1 481.9 81.7
410 35.2 490 70.0 487.8 74.9
415 29.8 495 63.8 493.8 67.9
420 24.9 500 58.1 500.0 60.3
425 20.4 505 52.4 506.3 53.4
430 16.8 510 47.1 512.8 46.9
435 13.7 515 42.1 519.5 41.0
440 10.8 520 37.4 526.3 35.0
445 9.3 525 33.3 533.3 30.0
450 7.4 530 29.5 540.5 24.9
455 6.1 535 26.0 547.9 20.0
460 5.2 540 22.8 555.6 16.4
465 4.3 545 20.2 563.4 13.6
470 3.4 550 17.5 571.4 11.6
475 2.8 555 15.3 579.7 10.0
480 2.4 560 13.5 588.2 8.5
485 1.8 565 12.0 597.0 6.8
490 1.8 570 10.3 606.1 5.5
495 1.2 575 9.0 615.4 4.2
500 1.1 580 7.9 625.0 3.2
505 1.0 585 6.9 634.9 2.4
510 0.8 590 5.9 645.2 1.5
515 0.5 595 5.4 655.7 0.7
520 0.3 600 4.6 666.7       0
525 0.6 605 3.9
530 0.2 610 3.6
535 0.1 615 3.2
540 0.1 620 2.7
545 0.4 625 2.4
550 0.1 630 2.3
I (λ ) I (λ ) I (λ ) I (λ )
2-APY QBS
this work literature this work literature
Table III-1 Corrected Fluorescence Spectra of Standard Solutions
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λ  (nm) λ  (nm) I (λ ) λ  (nm) λ  (nm) λ  (nm)
420 0.4 675 3.3 434.8 1.4 425 0.3 680 16.7 444.4 2.2
425 0.5 680 3.0 439.6 2.0 430 0.8 685 15.6 449.4 2.9
430 0.8 685 2.7 444.4 4.0 435 1.3 690 14.2 454.5 4.2
435 1.5 690 2.3 449.4 7.7 440 1.5 695 12.4 459.8 8.3
440 2.6 695 2.1 454.5 13.9 445 2.0 700 11.8 465.1 14.2
445 5.1 700 1.9 459.8 21.5 450 3.9 705 10.7 470.6 21.1
450 9.2 705 1.7 465.1 33.7 455 6.7 710 9.5 476.2 30.2
455 15.5 710 1.5 470.6 46.4 460 10.3 715 8.7 481.9 40.8
460 24.3 715 1.3 476.2 60.8 465 15.2 720 8.7 487.8 50.9
465 34.9 720 1.2 481.9 74.0 470 22.4 725 7.1 493.8 61.0
470 47.0 725 1.0 487.8 84.8 475 30.7 730 6.8 500.0 71.2
475 59.5 730 1.0 493.8 93.4 480 38.8 735 6.2 506.3 81.4
480 71.5 735 0.8 500.0 98.4 485 47.9 740 5.6 512.8 88.7
485 82.1 740 0.7 506.3   100 490 57.0 745 4.8 519.5 94.1
490 90.0 745 0.7 512.8 99.0 495 64.8 750 5.2 526.3 98.5
495 95.4 750 0.6 519.5 95.0 500 72.3 755 4.3 533.3 100.0
500 99.0 755 0.4 526.3 89.2 505 79.5 760 3.5 540.5 99.3
505 99.9 760 0.5 533.3 82.3 510 85.8 765 3.6 547.9 96.7
510 99.5 765 0.5 540.5 73.5 515 89.9 770 3.1 555.6 92.2
515 97.3 770 0.3 547.9 63.3 520 93.9 775 2.9 563.4 87.3
520 93.6 775 0.3 555.6 54.8 525 96.9 780 2.9 571.4 81.8
525 89.4 780 0.4 563.4 46.3 530 99.0 785 3.0 579.7 75.5
530 84.6 571.4 39.9 535 99.4 790 2.2 588.2 69.6
535 79.1 579.7 34.1 540 99.3 795 1.9 597.0 63.8
540 73.3 588.2 29.0 545 98.1 800 2.2 606.1 58.0
545 67.1 597.0 24.5 550 95.7 805 2.2 615.4 52.4
550 61.3 606.1 20.9 555 93.4 810 0.9 625.0 45.9
555 55.9 615.4 17.5 560 90.6 815 1.7 634.9 40.2
560 50.7 625.0 14.7 565 87.3 820 1.3 645.2 35.0
565 45.8 634.9 12.3 570 82.5 825 2.3 655.7 30.5
570 40.9 645.2 10.0 575 79.1 830 0.4 666.7 26.6
575 36.6 655.7 7.9 580 75.3 835 1.7 678.0 22.5
580 32.8 666.7 5.9 585 70.7 840 1.1 689.7 19.0
585 29.1 678.0 4.2 590 66.3 701.8 16.3
590 25.8 689.7 2.7 595 62.4 714.3 13.4
595 22.9 701.8 1.6 600 58.8 727.3 11.0
600 20.4 714.3 0.8 605 54.7 740.7 9.0
605 17.9 610 50.9 754.7 6.9
610 15.9 615 47.7 769.2 5.4
615 14.2 620 44.1 784.3 4.0
620 12.5 625 40.9 800.0 2.7
625 11.1 630 37.9 816.3 1.8
630 9.8 635 35.3 833.3 0.8
635 8.7 640 32.2
640 7.6 645 29.8
645 6.8 650 27.3
650 6.0 655 25.3
655 5.3 660 23.4
660 4.7 665 21.8
665 4.3 670 19.4
670 3.7 675 17.9
I (λ )λ  (nm)I (λ ) I (λ ) I (λ ) I (λ )
3-API N,N -DMANB
this work literature this work literature
Table III-1 (Continued)
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λ  (nm) λ  (nm)
550 0.3 795 51.2 555.6 2.6
555 0.5 800 48.1 563.4 3.4
560 1.0 805 45.3 571.4 4.1
565 1.4 810 41.9 579.7 6.4
570 2.1 815 39.9 588.2 9.4
575 3.3 820 36.7 597.0 13.6
580 4.9 825 34.7 606.1 19.1
585 6.6 830 32.9 615.4 24.9
590 8.8 835 30.6 625.0 33.2
595 11.6 840 28.7 634.9 42.8
600 14.8 845 26.4 645.2 53.2
605 18.4 850 24.6 655.7 64.0
610 22.7 855 23.1 666.7 74.7
615 27.0 860 20.8 678.0 84.5
620 32.0 865 18.8 689.7 91.9
625 37.6 870 17.9 701.8 96.4
630 43.2 875 16.8 714.3 99.4
635 49.0 880 15.9 727.3 100.0
640 55.2 885 14.8 740.7 98.4
645 60.8 890 13.4 754.7 93.3
650 66.6 895 12.8 769.2 86.7
655 72.1 900 11.9 784.3 78.1
660 77.1 905 10.8 800.0 67.9
665 82.1 910 10.2 816.3 57.1
670 86.4 915 9.5 833.3 46.6
675 90.3 920 8.5 851.1 37.6
680 93.6 925 8.3 869.6 29.6
685 96.1 930 7.5 888.9 22.2
690 98.8 935 6.9 909.1 16.0
695 99.4 940 6.9 930.2 11.5
700    100 945 6.2 952.4 7.4
705 99.6 950 5.7
710 99.1
715 98.2
720 96.9
725 95.0
730 91.8
735 89.8
740 87.8
745 84.9
750 81.2
755 78.5
760 74.7
765 71.2
770 67.7
775 64.6
780 60.7
785 57.9
790 54.4
I (λ )λ  (nm)I (λ ) I (λ )
this work literature
4,4'-DMANS
Table III-1 (Continued)
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III-3-2 Effects of reabsorption and reemition 
The fluorescence spectrophotometer equipped with an integrating sphere is useful for 
compensating the effects of polarization and refractive index in the quantum yield 
measurements. However, random and multiple scattering of excitation light on the inner 
wall of the integrating sphere increases the effective optical path length. This increases 
the effect of reabsorption and reemission on quantum yield measurements, especially in 
compounds whose absorption and fluorescence bands substantially overlap. 
In order to clarify the effects of reabsorption and reemission on the quantum yield 
obtained using our integrating sphere instrument, the influence of the concentration of 
anthracene in ethanol on the fluorescence spectrum and quantum yield was examined. 
The anthracene concentration was varied between 1.0 × 10
-6
 M and 1.0 × 10
-3
 M at 
room temperature. The absorption and fluorescence spectra of anthracene overlap 
significantly with each other in the 0-0 band region. 
As shown in Figure III-4, the 0-0 vibrational band around 375 nm is almost absent in 
the fluorescence spectrum of 1.0 × 10
-3
 M solution when the integrating sphere is used. 
When the concentration is reduced, the intensity of the 0-0 band increases remarkably 
and reaches a maximum at a concentration of 1.0 × 10
-6
 M. The fluorescence spectrum 
of the 1.0 × 10
-6
 M solution obtained using the integrating sphere instrument was in 
almost consistent with that obtained using a conventional fluorescence 
spectrophotometer. The observed Φf values ( obsfΦ ) varied from 0.278 for a 1.0 × 10
-5
 M 
solution to 0.220 for a 1.0 × 10
-3
 M solution (see Table III-2). 
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Figure III-4 (a) Absorption and fluorescence spectra of 1.0×10–6 M 
anthracene in ethanol, and (b) concentration dependence 
of the fluorescence spectra of anthracene in ethanol
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a
a
a
a
1.0 × 10
-5
0.278 0.066 0.290 0.972 0.099 0.975
5.0 × 10
-5
0.262 0.142 0.294 0.966 0.173 0.971
1.0 × 10
-4
0.252 0.179 0.291 0.963 0.215 0.971
5.0 × 10
-4
0.235 0.251 0.289 0.963 0.299 0.973
1.0 × 10
-3
0.220 0.271 0.280 0.962 0.327 0.974
concentration
(M)
anthracene  DPA
obs
fΦ fΦ
obs
fΦ fΦ
Table III-2 Observed and Corrected Fluorescence Quantum Yields 
of Anthracene in Ethanol and DPA in Cyclohexane
aProbability of reabsorption
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To correct the effect of reabsorption and reemission, the method recently reported by 
Ahn et al. [27] was used. They considered a fluorescent system with a quantum yield of 
Φf. If the probability of an emitted photon being reabsorbed by sample molecules is 
expressed by a (see Figure III-5), the photon escape probability is given by 1-a. The 
observed fluorescence quantum yield obsfΦ  is then given by the geometric series 
We used  
f
f
2
f
2
ff
obs
f
1
)1(
)1)(1(
Φ−
−Φ
=
⋅⋅⋅+Φ+Φ+−Φ=Φ
a
a
aaa
 (III-1) 
 
where the successive terms represent photon escape after successive 
absorption−reemission cycles. The self-absorption parameter a depends on the overlap 
between the absorption and fluorescence spectra, and can be estimated by comparing 
the observed fluorescence spectrum with that of a sufficiently diluted solution (the true 
fluorescence spectrum) using the following equation [27]. 
 
( )
( )∫
∫−=
dλλI
dλλI
a
obs
1  (III-2) 
 
where ( )∫ dλλI obsf  represents the area (integrated intensity) of the observed 
fluorescence spectrum, and ( )∫ dλλIf  denotes the area of the true fluorescence 
spectrum without reabsorption (see Figure III-5). An equation for calculating the 
fluorescence quantum yield can be derived from Eq III-1 and is given by 
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Figure III-5 Fluorescence spectra of 1.0×10-3 M anthracene
in ethanol used for the calculation of a
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obs
f
obs
f
f
1 Φ+−
Φ
=Φ
aa
 (III-3)
 
 
Table III-2 presents the fluorescence quantum yields of anthracene solutions corrected 
for reabsorption/reemission effects using Eq III-3 along with the values of the 
self-absorption parameter a and the uncorrected quantum yield obsfΦ . The corrected Φf 
gives almost constant values in the concentration range 1.0 × 10
-5
 M to 1.0 × 10
-3
 M. 
This correction method is thus useful for determining the Φf value of high-concentration 
sample solutions. 
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III-3-3 Fluorescence quantum yields of standard solutions 
The quantum yields of representative fluorescence standard compounds dissolved in 
organic solvents or H2O obtained using our instruments are shown in Table III-3 along 
with accepted values from the literature. The compounds in Table III-3 are commonly 
used as fluorescence standards in quantum-yield measurements based on a relative 
(secondary) method with optically dilute or dense solutions [29,30]. Because the 
magnitude of the fluorescence quantum yield depends on the physical conditions, such 
as the solvent, the sample concentration, and the excitation wavelength, these 
parameters are also specified in Table III-3. Inspection of the Φf values in Table III-3 
reveals that there is excellent agreement between our Φf values and the values given in 
the literature and that they lie within experimental errors, with the exception of DPA in 
cyclohexane and 1.0 × 10
-5
 M QBS in 1 N H2SO4 aqueous solution. 
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Table III-3 Comparison of Φf Values of Some Fluorescence Standard Solutions 
Obtained in This Study with Values from the Literature
compound solvent conc. (M) λexc (nm)
a Φ f (literature)
naphthalene cyclohexane 7.0 × 10
-5
270 0.23 ± 0.01 0.23 ± 0.02 [30]
anthracene ethanol 4.5 × 10
-5
340 0.28 ± 0.02 0.27 ± 0.03 [30]
DPA cyclohexane 2.4 × 10
-5
355 0.97 ± 0.03 0.9 ± 0.02 [11]
1-aminonaphthalene cyclohexane 5.7 × 10
-5
300 0.48 ± 0.02 0.465 [28]
N,N -dimethyl-1- cyclohexane 1.0 × 10
-4
300 0.011 ± 0.002 0.011 [28]
aminonaphthalene
quinine bisulfate 1N H2SO4 5.0 × 10
-3
350 0.52 ± 0.02 0.508 [1]
1N H2SO4 1.0 × 10
-5
350 0.60 ± 0.02 0.546 [1]
fluorescein 0.1N NaOH 1.0 × 10
-6
460 0.88 ± 0.03 0.87
b
 [3]
tryptophan H2O (pH 6.1) 1.0 × 10
-4
270 0.15 ± 0.01 0.14 ± 0.02 [29]
Φf (this work)
a
Excitation wavelength, 
b
Average of values obtained by excitation at 313.1, 365.5 and 435.8nm.
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III-3-4 Fluorescence quantum yield of quinine bisulfate 
The fluorescence quantum yield of QBS in sulfuric acid has been widely used as a 
secondary standard in relative quantum yield measurements [29,30]. Figure III-6 
illustrates the absorption and fluorescence spectra of QBS in 1N H2SO4. The optical 
properties of QBS in 0.1 or 1.0 N sulfuric acid make it an ideal quantum-yield standard. 
Specifically, there is no significant overlap between its absorption and fluorescence 
spectra, it is not appreciably quenched by oxygen, its fluorescence quantum yield is 
almost constant with excitation at wavelengths from 240 nm to 400 nm [31]. The most 
commonly used Φf values are given by Melhuish [1]: 0.546 for QBS at infinite dilution 
in 1 N H2SO4 at 298 K. It should be noted that Melhuish originally proposed Φf = 0.508 
for 5.0 × 10
-3
 M QBS in 1 N H2SO4 at 298 K as a secondary standard because the 
absolute fluorescence quantum yield measurements were carried out for a 5.0 × 10
-3
 M 
QBS solution on the basis of the modified Vavilov method. The Φf value (0.546) at 
infinite dilution was estimated by using the self-quenching rate constant [1]. Using our 
integrating sphere instrument the Φf values were obtained to be 0.52 ± 0.02 and 0.60 ± 
0.02 for 5.0 × 10
-3
 M and 1.0 × 10
-5
 M QBS in 1 N H2SO4 at 296 K, respectively. Our 
value for the 5.0 × 10
-3
 M solution is in good agreement with the value (0.508) reported 
by Melhuish (see Table III-3). However, the Φf value (0.60) for the 1.0 × 10
-5
 M QBS 
solution is significantly larger than that (0.546) reported by Melhuish for a solution at 
infinite dilution. 
Since the reliability of the Φf value (0.546) determined by Melhuish for the QBS 
solution under infinite dilution depends on the accuracy of their self-quenching constant, 
the value of this constant was remeasured using the Stern-Volmer equations 
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ff τττ
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ff Φ
+
Φ
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Φ
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 (III-5) 
 
where 0fτ  and τf are respectively the fluorescence lifetimes of QBS for infinite dilution 
and for the concentration [QBS], 0fΦ  and Φf are respectively the fluorescence quantum 
yields of QBS for infinite dilution and for the concentration [QBS], and Ks is the 
bimolecular self-quenching constant. The fluorescence quantum yield and lifetime of 
QBS were measured in the concentration range between 1.0 × 10
-5
 M and 7.0 × 10
-3
 M 
in 1 N H2SO4. Figure III-7 shows the fluorescence decay curves of 7.0 × 10
-3
 M and 1.0 
× 10
-5
 M QBS in 1 N H2SO4. The observed fluorescence decay profiles If(t) were 
analyzed in terms of two exponential decay terms (Eq III-6): a “fast” component 
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Figure III-6 Absorption and fluorescence spectra of QBS in 1N H2SO4
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(about 2%) with a lifetime τf1 of about 2 ns and a “slow” component (about 98%) with a 
lifetime τf2 of about 19 ns. 
 
( ) 2f1f eAeA 21f ττ
tt
tI
−−
+=  (III-6) 
 
The observation of non-exponential fluorescence decay for QBS in H2SO4 solutions is 
consistent with the results of Phillips et al. [11,32]. Although the long decay time 
represents the major portion of the emission, the intensity-averaged decay time fτ  
expressed in Eq III-7 was used for the Stern-Volmer analyses [33]. 
 
2f21f1
2
2f2
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1f1
f
AA
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The concentration dependences of Φf and τf for QBS in 1 N H2SO4 are given in Table 
III-4. 
In Figure III-8, 
1
f
−
τ  and (Φf)-1 are plotted as a function of QBS concentration. 
Linear relationships are observed for both 
1
f
−
τ  and (Φf)-1, and their self-quenching 
constants (Ks) were calculated from the slopes to be 28.5 M
-1
 and 24.8 M
-1
, respectively. 
Melhuish has determined the magnitude of the self-quenching constant (Ks) of QBS to 
be 15.0 M
-1
 based on quantum yield measurements [1]. The results of Melhuish are 
compared with our data in Figure III-8. It clearly shows that the Ks value obtained by 
Melhuish is significantly smaller than our values. The disagreement in the Φf values of 
QBS for infinite dilution can thus be ascribed to the difference in the self-quenching rate 
constant. Some published values for the quantum yield of QBS in H2SO4 measured by 
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different methods are presented in Table III-5 together with the experimental conditions. 
Dawson and Windsor [3] and Eastman [7] have measured the quantum yield of QBS at 
infinite dilution based on the Weber-Teale method. They obtained somewhat higher Φf 
values (0.54-0.60) than that (0.546) reported by Melhuish, although their values seem to 
depend on the concentration of H2SO4. Gelernt et al. [4] have also obtained a higher 
value (0.561) even for a 5.0 × 10
-3
 M solution of QBS in 0.1 N H2SO4 by using a 
calorimetric method. Very recently, Gaigalas and Wang [34] have measured the Φf value 
of QBS in 0.2 N H2SO4 by using an integrating sphere instrument and reported a value 
of 0.65, which is much higher than previously published values. 
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Table III-4 Concentration Dependences of Φf and τf for QBS in 1N H2SO4
at 295 K (λex:350 nm λem:450 nm)
conc. (M) Φ f τ f1 (ns) τ f2 (ns) amplitude <τ f > (ns)
7.0 × 10
-3
0.497 16.8 0.104 96.7% 16.4
3.7 0.016 3.3%
5.0 × 10
-3
0.524 17.3 0.114 97.4% 16.9
2.8 0.019 2.6%
2.0 × 10
-3
0.549 18.6 0.107 97.6% 18.2
3.3 0.015 2.4%
1.0 × 10
-3
0.580 18.9 0.110 98.5% 18.6
1.8 0.017 1.5%
7.0 × 10
-4
0.588 19.1 0.106 97.8% 18.8
3.1 0.015 2.2%
5.0 × 10
-4
0.590 19.0 0.115 98.4% 18.7
1.7 0.021 1.6%
2.0 × 10
-4
0.592 19.3 0.107 98.5% 19.0
1.7 0.019 1.5%
1.0 × 10
-4
0.598 19.3 0.111 98.5% 19.0
1.8 0.018 1.5%
7.0 × 10
-5
0.596 19.4 0.113 98.4% 19.1
2.5 0.014 1.6%
5.0 × 10
-5
0.594 19.4 0.101 98.3% 19.1
2.0 0.017 1.7%
2.0 × 10
-5
0.594 19.4 0.118 98.7% 19.1
1.5 0.020 1.3%
1.0 × 10
-5
0.596 19.3 0.121 98.8% 19.1
1.3 0.021 1.2%
ratio
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Figure III-7 Fluorescence decay curves of QBS in 1N H2SO4
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Figure III-8 Concentration dependences of (a) the mean 
fluorescence lifetime (b) and quantum yield 
(Φf) of quinine bisulfate (QBS) in 1N H2SO4
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Table III-5 Comparison with the Reported Φf Values of Quinine Bisulfate in H2SO4
solvent conc. (M) λexc (nm)
a
temp. (K) method reference
1N H2SO4 5 × 10
-3
350 296 0.52 ± 0.02 integrating sphere this work
1N H2SO4 1 × 10
-5
350 296 0.60 ± 0.02 integrating sphere this work
1N H2SO4 5 × 10
-3
366 298 0.508 Vavilov method Melhuish [1]
1N H2SO4 infinite 366 298 0.546 Vavilov method Melhuish [1]
dilution
0.1N H2SO4 infinite 350 295 0.577 Weber-Teale method Eastman [7]
dilution (ludox colloidal silica)
1N H2SO4 infinite 365 296 0.54 ± 0.02 Weber-Teale method Dawson and
dilution (ludox colloidal silica) Windsor [3]
3.6N H2SO4 infinite 365 296 0.60 Weber-Teale method Dawson and
dilution (ludox colloidal silica) Windsor [3]
1N H2SO4 5 × 10
-3
366 298 0.561 calorimetric method Gelernt et al.[4]
0.1N H2SO4 10
-3
-10
-2
366 0.53 ± 0.02 photoacoustic method Adams et al.[6]
0.2N H2SO4 1 × 10
-6
350 0.65 integrating sphere Gaigalas and
 Wang [23]
Φ f
a
Excitation wavelength.
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III-3-5 Fluorescence quantum yield of 9,10-diphenylanthracene 
9,10-Diphenylanthracene (DPA) has also been employed as a popular fluorescence 
standard because of its high quantum yield. Table III-6 presents representative values of 
published quantum yields for DPA in cyclohexane and benzene. Several researchers 
have reported a fluorescence quantum yield of unity or greater for DPA in cyclohexane, 
while Meech and Phillips [11] and Hamai and Hirayama
 
[12] have reported very similar 
values, 0.91 and 0.90, on the basis of different methods. 
With our integrating sphere instrument, a value of 0.97 for DPA in cyclohexane was 
obtained. The 0-0 absorption and fluorescence bands of DPA overlap substantially, in a 
similar manner as anthracene solutions, and the shape of the fluorescence spectrum 
varies remarkably when the concentration is increased (see Figure III-9). Therefore, we 
first examined the effect of reabsorption/reemission on the measured quantum yield. 
The results are summarized in Table III-2 together with those of anthracene. The 
probability of reabsorption is found to become much greater in higher concentration 
solutions, and at each concentration the reabsorption probability of DPA in cyclohexane 
is greater than that of anthracene in ethanol. Despite the higher reabsorption probability 
of DPA, the effect of concentration on the observed quantum yield is extremely small. 
This clearly demonstrates that the absolute quantum yield of DPA is very close to unity, 
because if the quantum yield of a solution is unity, the observed quantum yield 
coincides with the absolute quantum yield, i.e., the reabsorption/reemission effect can 
be neglected (see Eq III-1). According to Eq III-1, if the absolute quantum yield of DPA 
(1.0 × 10
-3
 M) is 0.90, the observed quantum yield should be 0.86, while if the actual 
quantum yield is 0.97, the measured quantum yield should be 0.96, which is consistent 
with the results in Table III-2. 
72 
 
solvent conc. (M) λexc (nm)
a
temp. (K) Φ f method reference
cyclohexane 2.4 × 10
-5
355 296 0.97 ± 0.03 absolute this work
(integrating sphere)
cyclohexane infinite
dilution
298 1.06 ± 0.05 relative
(integrating sphere)
Ware and
Rothman [15]
cyclohexane 4.0 × 10
-6
   342.5 0.86(0.95)
c
relative Morris et al. [10]
cyclohexane 366 298 0.95 calorimetric Mardelli and
Olmsted III [9]
cyclohexane b 0.91 ± 0.02 relative
(integrating sphere)
Meech and
Phillips [11]
cyclohexane   1.6 × 10
-5
- 325 298 0.90 ± 0.02 actinometric Hamai and
  4.7 × 10
-5
Hirayama [12]
benzene 308 RT 0.88 ± 0.03
(0.97)
d
thermal lensing Suzuki et al. [13]
a
Excitation wavelength,  
b
The quantum yield is reported to be independent of the excitation wavelength over the first
absorption band.  
c
After corrections for refractive index.  
d
Calculated using the average energy dissipated by fluorescence
from the S1 state (see text)
Table III-6 Published Values of Some Fluorescence Quantum Yields of DPA in 
Cyclohexane or Benzene
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Figure III-9 (a) Absorption and fluorescence spectra of 1.0×10–6M 
DPA in cyclohexane, and (b) concentration dependence 
of the fluorescence spectra of DPA in cyclohexane
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To confirm the validity of our Φf value on DPA, the fluorescence quantum yield of 
DPA was measured using two complementary methods: time-resolved PA measurements 
and transient absorption. To determine the fluorescence quantum yield by the PA 
method, the data on the quantum yield of intersystem crossing (Φisc) are required. The 
Φisc for DPA was determined by measuring transient absorption spectra. The molar 
absorption coefficient (
DPA*
450
3
ε ) of triplet DPA (3DPA*) at 450 nm was determined by the 
triplet-triplet energy transfer method [35] using naphthalene in the excited triplet state 
as a reference donor. Figure III-10 shows the transient absorption spectra observed after 
308 nm laser photolysis of the naphthalene/DPA system in cyclohexane. From the 
analyses of the transient absorption spectra in Figure III-10, the molar absorption 
coefficient of 
3
DPA* was determined to be 15,500 M
-1
cm
-1
 at 450 nm.  
The Φisc value of DPA was determined to be 0.02 from Eq III-8 using benzophenone 
triplet as an actinometer. 
 
abs
DPA*
450
DPA*
450
isc 3
3
I
A
ε
∆
=Φ  (III-8) 
 
where DPA*450
3
A∆  and Iabs are the initial absorbance at 450 nm due to the formation of 
3
DPA* and the photon flux of the incident laser pulse absorbed by benzophenone at 355 
nm, respectively. This value is in good agreement with the published values of 0.02 in 
cyclohexane [13] and 0.04 in benzene [36]. 
Then PA measurements for DPA in cyclohexane were performed by using 
2-hydroxybenzophenone as a photocalorimetric reference. 
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Figure III-10 Transient absorption spectra obtained by 308 nm laser 
photolysis of the naphthalene (2.5×10-3 M)/DPA 
(1.0×10-4 M) system in cyclohexane at 293K
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The PA signal amplitude H produced after the absorption of a light pulse essentially 
results from two processes that occur during the heat integration time [37], thermally 
induced volume change in the solution ∆Vth and structural volume change ∆Vr, so that H 
can be written as 
 
( )rth VVkH ∆+∆=  (III-9) 
 
where k is an instrumental constant that depends on the geometrical arrangement and on 
some solution constants such as density ρ and sound velocity va. ∆Vth is the contraction 
or expansion of the solvent due to the heat released by nonradiative processes and it is 
given by 
 
a
p
th ' E
ρc
β
αkV 







=∆  (III-10) 
 
where α is the fraction of the absorbed energy released as thermal energy within the 
response time of the detector, β is the thermal expansion coefficient, cp is the heat 
capacity of the solution, and Ea is the absorbed energy. In the following analyses, the 
contribution of the structural volume change ∆Vr was neglected, because in the present 
system photoexcitation produces no bond dissociation and/or formation and the 
solvation change due to triplet formation is expected to be negligibly small in 
cyclohexane. 
The PA signals of DPA and the photocalorimetric reference 2-hydroxybenzophenone 
in cyclohexane at 293 K are displayed in the inset of Figure III-11. The difference 
between the first maximum and minimum in PA signal was taken as the signal 
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amplitude H. The signal amplitude H
S
 of DPA is related to the incident laser energy S0E  
by 
 
( )S101S0S AEKH −−= α  (III-11) 
 
where K is a constant that depends on the geometry of the experimental set-up and the 
thermoelastic quantities of the medium and AS is the absorbance of the sample solution 
at the excitation wavelength. The signal amplitude H
R
 of the photocalorimetric 
reference conforms to a similar equation, namely 
 
( )R101R0R AKEH −−=  (III-12) 
 
where the thermal conversion efficiency α of the photocalorimetric reference 
2-hydroxybenzophenone is assumed to be unity. From Eqs III-11 and III-12, the value 
of α of the sample solution can be obtained as follows. 
 
)101(
)101(
S
R
S
0
R
R
0
S
A
A
EH
EH
−
−
−
−
=α  (III-13) 
 
The relationship between the PA signal amplitude and the laser energy was linear for 
2-hydroxybenzophenone within the energy range studied, whereas the signal amplitude 
of DPA showed a nonlinear laser energy dependence (Figure III-11) because two-photon 
absorption processes occur [13]. Thus, the laser energy dependence of the sample signal 
was fitted using the following equation. 
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( )2S02S01S EcEcH +=  (III-14) 
 
In the calculation of α, the coefficient c1 in the linear term of Eqs III-12 and III-15 was 
used instead of ( )S0S / EH  in Eq III-11, and the value of α was calculated to be 0.198. 
With the exception of the decay of the excited triplet state, all other decay processes 
occur within the heat integration time (about 340 ns), so that the fluorescence quantum 
yield can be obtained from the following relation. 
 
λλ αEEEE +Φ+Φ= TiscSf  (III-15) 
 
where Eλ is the excitation photon energy (= 337 kJ mol
−1
 at 355 nm), ET is the triplet 
energy (171 kJ mol
-1
) [38], and SE  is the average energy dissipated by fluorescence 
from the S1 state, which is given by  
 
( )
( )∫
∫=
νν
ννν
dI
dI
E
f
f
S  (III-16) 
 
where ( )νfI  is the spectral distribution of fluorescence as a function of wavenumber 
(ν ). The magnitude of SE  was calculated to be 275 kJ mol
−1
. By substituting these 
quantities into Eq III-15, the fluorescence quantum yield of DPA was determined to be 
0.97±0.03. This agrees very well with the value obtained using our integrating sphere 
instrument. 
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Figure III-11 (a) Laser fluence dependence of  PA signals for DPA and 
2-hydroxybenzophenone (2HBP) in cyclohexane at 293K 
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Recently, Suzuki et al. [13] have determined the fluorescence quantum yield of DPA 
in benzene to be 0.88±0.03 by using a time-resolved thermal lensing (TRTL) technique. 
To calculate the Φf value, they used the S1 energy (304 kJ mol
−1
) of DPA instead of the 
average energy (275 kJ mol
−1
) dissipated by fluorescence from the S1 state given by Eq 
III-16. If one use the latter value for calculating Φf based on the TRTL method (Eq 4 in 
[13]), the fluorescence quantum yield of DPA is found to be 0.97. This is in agreement 
with the Φf value derived from our measurements based on the integrating sphere. 
 
III-4 Conclusions 
An instrument for measuring the absolute luminescence quantum yield of solutions 
has been developed by using an integrating sphere as a sample chamber. By utilizing a 
BT-CCD for the photodetector, a spectrophotometer with high sensitivity from the 
ultraviolet to near-infrared region was developed, and the whole system was fully 
calibrated for spectral sensitivity. By using this system, the fluorescence quantum yields 
of some standard solutions were reevaluated. For the quantum yield of 1.0 × 10
–5
 M 
quinine bisulfate in 1 N H2SO4, a revised value of 0.60 was suggested, instead of 0.546 
reported in earlier papers by Melhuish. The fluorescence quantum yield of DPA was 
determined to be 0.97, which was supported by complementary experiments based on 
the photoacoustic method. A quantum yield close to 1.0 for DPA was consistent with the 
negligible reabsorption/reemission effects observed in the quantum yield measurements. 
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Chapter IV 
 
 
Absolute Measurements of Luminescence 
Quantum Yield of Rigid Solutions at 77K 
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IV-1 Introduction 
In Chapter III the reliability of the fluorescence quantum yields obtained by using our 
integrating sphere instrument was confirmed by comparing our Φf values for 
fluorescence standard solutions with those reported in the literature. To clarify the 
relaxation processes of excited singlet and triplet states of molecule, it is necessary to 
evaluate the phosphorescence quantum yield (Φp) as well as Φf values. 
Usually the phosphorescence of organic molecules in solution at room temperature is 
quenched appreciably by collisional deactivation processes. Hence the phosphorescence 
of organic solutions is generally observed only under low-temperature rigid glass states. 
For such a rigid glass state, polarization effects and effects of refractive index influence 
greatly the quantum yield measurements even in the case of using the relative method. 
This seems to be the reason for difficulty of determining Φp as compared with Φf and 
for the lack of suitable standards for Φp measurements. 
In this chapter, our integrating sphere instrument is modified for the quantum yield 
measurements of rigid solutions at 77K. Using this apparatus the fluorescence and 
phosphorescence quantum yields of 1-halonaphthalenes and 4-halobenzophenones in 
rigid solutions at 77K are measured to reveal the heavy atom effects of halogen 
substituent on the spin-forbidden radiative and nonradiative transitions. 
 
IV-2 Experimental 
Material 
Figure IV-1 shows the sample molecules used in this chapter. Benzopheneone (BP; 
Kishida), 4-Fluorobenzopheneone (BP4F; Tokyo Kasei), 4-Chlorobenzopheneone 
(BP4Cl; Tokyo Kasei), 4-Bromobenzopheneone (BP4Br; Tokyo Kasei) and 
4-Iodobenzopheneone (BP4I; Fluoro Chem) were purified by recrystallization from 
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n-hexane and by vacuum sublimation. Naphthalene (Kanto) was purified by vacuum 
sublimation. 1-Fluoronaphthlene (Nap1F; wako), 1-chloronaphthalene (Nap1Cl; Tokyo 
Kasei), 1-bromonaphthalene (Nap1Br; Tokyo Kasei) and 1-iodonaphthalene (Nap1I; 
Kanto) were purified by distillation under reduced pressure. Ethanol (Tokyo Kasei, 
spectrophotometric grade), was used without further purification. 
 
Apparatus 
A schematic diagram of the modified integrating sphere instrument is illustrated in 
Figure IV-2. A quartz tube with an inner diameter of 6mm was used as the sample cell, 
and situated in a quartz liquid nitrogen dewar. In the case of room temperature solutions, 
the sample cuvette in the integrating sphere was excited directly by incident light, while 
in the quantum yield measurements of 77K rigid solutions, monochromatized light was 
introduced into the integrating sphere so as to hit the internal surface coated with high 
reflectance material (Spectralon). After multiple reflections on the internal surface, 
much of the optical anisotropy was eliminated. The detector first monitored the 
excitation light profile when a quartz tube without sample solution was set at the 
position above the center of the IS, and then recorded the excitation light profile and the 
luminescence spectrum when a quartz tube with sample solution was set at the same 
position. From these spectral data, the luminescence quantum yield was calculated 
according to Eq II-1. The whole system was fully calibrated for spectral sensitivity 
using deuterium and halogen standard light sources. 
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Figure IV-1  Structures of Benzophenone and Naphthalene 
derivatives used in Chapter IV
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Figure IV-2 Schematic diagram of integrating sphere with quartz 
dewar for measuring absolute luminescence quantum 
yields of rigid solutions at 77K
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IV-3 Results and Discussion 
IV-3-1 Luminescence quantum yields of 9,10-diphenylanthracene and 
benzophenone at 77K 
In order to evaluate the reliability of the luminescence quantum yield obtained by the 
modified apparatus, we first measured the fluorescence quantum yield of 
9,10-diphenylanthracene in ethanol at 296K and 77K. The Φf value of 
9,10-diphenylanthracene in solution is known to be close to unity and almost insensitive 
to temperature between room temperature and 77K [1]. Figure IV-3 shows the 
fluorescence spectra of DPA in ethanol at room temperature and 77K. In the rigid 
solution at 77K, vibrational structures in the fluorescence spectrum are found to become 
prominent. Even at 77K, phosphorescence was not observed under the present 
experimental conditions. This observation is in consistent with the nearly unity Φf value 
of DPA. Based on the measurements using the apparatus in Figure IV-2, the Φf values of 
9,10-diphenylanthracene in ethanol at 296 and 77K were obtained to be 0.95 and 0.97, 
respectively. These values are in good agreement with the values determined by Huber 
et al [1]. They measured the fluorescence quantum yield based on the relative method, 
taking into account the corrections for the temperature dependence of the refractive 
index and absorbance of the sample solutions.  
As one of representative values for the quantum yield of low-temperature rigid 
solutions, the phosphorescence quantum yield of benzophenone in EPA 
(ether:isopentane:alcohol = 5:5:2 by volume) at 77K has been reported by Gilmore et al  
to be 0.85 [2]. They measured the Φp value on the basis of the absolute method 
including complex corrections for index of refraction of rigid EPA at 77K, window 
transmissions, reflectance of scattering material (magnesium oxide) as a function of 
angle, etc. By using our integrating sphere instrument, we could measure the Φp of  
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Figure IV-3 Fluorescence spectra of DPA in ethanol at R.T. 
(black) and 77K (red)
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benzophenone in ethanol at 77K without such complex corrections, and obtained the 
value to be 0.88. This Φp value is very close to that (0.85) reported by Gilmore et al. 
From these results we could confirm that our integrating sphere instrument gives 
reliable luminescence quantum yield not only for room temperature solutions but also 
for rigid solutions at77K. 
 
IV-3-2 Fluorescence and phosphorescence quantum yields of naphthalene and 
1-halonaphthalenes at 77K 
Using the modified apparatus in Fig IV-2 we measured the Φf and Φp of naphthalene 
(NA) and 1-halonaphthalenes in ethanol at 77K to examine quantitatively the internal 
heavy atom effects of halogens on spin-forbidden transitions. Figure IV-4 shows the 
fluorescence and phosphorescence spectra of naphthalene and its 1-halogenated 
derivatives in ethanol at 77K, together with their absorption spectra at room temperature. 
It is apparent from Figure IV-4 that the relative phosphorescence intensity increases 
rapidly in the sequence of fluoro- (1F-NA), chloro- (1Cl-NA), bromo- (1Br-NA) and 
iodonaphthalenes (1I-NA). In the luminescence spectra of 1I-NA, the relative 
fluorescence intensity becomes negligibly small, and the emission spectrum at 77K is 
dominated by phosphorescence. Our integrating sphere instrument enables us to 
measure simultaneously the absolute fluorescence and phosphorescence quantum yields 
as well as the corrected luminescence spectra. In Table IV-1, the Φf and Φp values of NA 
and its 1-haloganated derivatives in ethanol at 77K obtained by using our apparatus are 
presented together with the quantum yields reported by Ermolaev and Svitashev [3-5].45 
They determined the Φf and Φp values in Table 1 based on the relative method in which 
the Φf value (0.55 [2]) of NA in EPA at 77K was used as a standard. Our Φf and Φp 
values are much smaller than their values. This is due, at least partly, to the fact that  
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Table IV-1 Photophysical parameters of naphthalene and 1-halonaphthalenes 
(2×10-4 M) in ethanol at 77K (Eλ = 270 nm)
NA 0.38 (0.55)
a
0.024 (0.051)
b
0.62 1.3 0.030 0.74
1F-NA 0.41 (0.84)
b
0.026 (0.056)
b
0.59 0.8 0.055 1.2
1Cl-NA 0.023 (0.058)
b
0.09 (0.30)
b
0.98 0.31 0.30 2.9
1Br-NA 0.0034 (0.0016)
b
0.14 (0.27)
b
1.0 0.02 7.0
1I-NA 0.14 (0.38)
b
1.0 0.0026 3.3 × 10
2
43
<0.0022 (<0.0005)
b
54
/ s
-1
Compounds
77K
Φ f Φp Φ isc
τ p k p k isc'
/ s / s
-1
a
In an E. P. A. from ref. 2.  
b
In an ethanol/ether glass at 77K, from ref. 4.
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their Φf value (0.55) of the reference sample (NA) was larger than our value (0.38). In a 
subsequent paper [6], however, Ermolaev used 9,10-di-n-propylanthracene in ethanol / 
ether rigid solution at 77K as the standard in the quantum yield measurements of NA, 
1Cl-NA, 1Br-NA, and 1I-NA and reported the Φf and Φp values being much smaller 
than those given in ref. 4. 
It can be seen from Table IV-1 that in the 1-halonaphthalenes the fluorescence 
quantum yield decreases and the phosphorescence quantum yield increases as the 
atomic number of the halogens increases. Assuming that the quantum yield of 
intersystem crossing (Φisc) of these compounds is given by (1- Φf) at 77K, one can 
derive the values for the T1→S0 radiative (kp) and nonradiative (kisc’) rate constants by 
substituting the Φp, Φisc and the phosphorescence lifetime (τp) into the following 
equations: 
 
pisc
p
p τΦ
Φ
=k  (IV-1) 
p
p
isc
1
' kk −=
τ
 (IV-2) 
 
Table IV-1 clearly indicates that both kp and kisc’ increases as the atomic number of the 
substituent increases because of the enhancement in spin-orbit coupling. It would 
appear that the internal heavy atom effect is more prominent in the nonradiative 
transitions. 
First we consider the effects of spin-orbit coupling on the T1→S0 radiative transition 
of 1-halonaphthalenes. The probability of T1←S0 absorption at unit density is given by  
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where S0 and T1
r
 are the ground state wavefunction and perturbed triplet state 
wavefunctions, er is the electric dipole moment operator and r is the value of the Ms, i.e. 
0, ±1. Because the rate of T1→S0 phosphorescence is much smaller than the rate of 
thermal re-equilibration of triplet multiplet populations, the intrinsic rate constant for 
T1→S0 phosphorescence is given by 
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where ν is the frequency of the emitted light, probably best taken to be the 
Franck-Condon maximum of the T1→S0 phosphorescence emission. According to the 
first order perturbation theory, the perturbed triplet wave function is  
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where Sp is the perturbing singlet wave function. From Eqs IV-4 and IV-5, kp is written 
as 
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Thus it can be seen that the intensity of the T1→S0 transition is borrowed from the 
Sp→S0 transition. The part 
rTHS 1SOp  is proportional to nlζ , the spin orbit coupling 
factor which for hydrogenic-like atoms is equal to  
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where Z is the atomic number of the atom and n and l are the principal and orbital 
angular momentum quantum numbers respectively of the electron of concern. Since the 
transition probability is proportional to
2
1SOp
rTHS , the S↔T probability is dependent 
on Z
8
. 
Next we consider the effects of spin-orbit coupling on the nonradiative transitions 
between excited singlet and triplet states of 1-halonaphthalenes. The total wavefunction 
ψ  for a system can be written as 
 
iii
χφψ =  (IV-8) 
 
where 
i
φ  is the electronic wavefunction and 
i
χ is the vibration wavefunction of a state 
i. Then the rate of spin-forbidden nonradiative transitions (intersystem crossing) from 
state n to m can be written as Eq IV-9 according to the Fermi’s Golden rule. 
 
ρχχφφ
π
ρ
π 22
SO
2
SOisc
22
mnmn HmHnk
hh
==  (IV-9) 
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where ρ is the state density of the final state and 
2
mn
χχ  is the Franck-Condon 
factor (vibrational overlap factor). 
The Φf and Φp of 1-halonaphthalenes in Table IV-1 suggest that the rate of S1→T1 
intersystem crossing (kisc) is also enhanced by internal heavy atom effects due to 
halogen substitution. The kisc at room temperature (RT) can be determined from the 
fluorescence lifetime (τf) and Φisc as 
 
f
isc
isc τ
Φ
=k  (IV-10) 
 
where the Φisc values of NA and 1-halonaphthalenes were obtained by PA measurements 
described below, and τf was determined by nanosecond and picosecond fluorescence 
lifetime measurements. The PA signals of naphthalene and the photocalorimetric 
reference 2-hydroxybenzophenone in ethanol at 293 K are displayed in Figure IV-5 (a). 
The difference between the first maximum and minimum in the PA signal was taken as 
the signal amplitude H. The signal amplitude H
S
 of naphthalene is related to the incident 
laser energy SE
0
 by 
 
( )S101S0S AEKH −−= α  (IV-11) 
 
where K is a constant that depends on the geometry of the experimental set-up and the 
thermoelastic quantities of the medium and AS is the absorbance of the sample solution 
at the excitation wavelength. The signal amplitude H
R
 of the photocalorimetric 
reference conforms to a similar equation, namely 
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( )R101R0R AKEH −−=  (IV-12) 
 
where the thermal conversion efficiency α of the photocalorimetric reference 
2-hydroxybenzophenone is assumed to be unity. From Eqs IV-11 and IV-12, the value of 
α of the sample solution can be obtained as follows. 
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101
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R
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=α  (IV-13) 
 
The relationship between the PA signal amplitude and the laser energy was linear for 
naphthalene and 1-halonaphthalenes in ethanol within the energy range studied as 
shown in Figure IV-5 (b). 
With the exception of the decay of the excited triplet state, all other decay processes 
occur within the heat integration time (about 340 ns), so that the quantum yield of 
intersystem crossing (Φisc) can be obtained from the following relation. 
 
λλ αEEEE +Φ+Φ= TiscSf  (IV-14) 
 
where Eλ is the excitation photon energy (= 450 kJ mol
-1
 at 266 nm), Φf is the 
fluorescence quantum yield, ET is the triplet energy (254 kJ mol
-1
), and 
s
E  is the 
average energy dissipated by fluorescence from the S1 state, which is given by 
 
( )
( )∫
∫=
νν
ννν
dI
dI
E
f
f
S  (IV-15) 
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where ( )νfI  is the spectral distribution of fluorescence as a function of wavenumber 
( )ν . The magnitude of 
s
E  was calculated to be 357 kJ mol
-1
. By substituting these 
quantities into Eq IV-14, the Φisc of naphthalene was determined to be 0.83. The Φisc 
values of 1-halonaphthalenes in Table IV-2 were determined in a similar manner. 
As shown in Table IV-2, the kisc values of NA and 1-halonaphthalenes calculated from 
the fluorescence lifetime (τf) and the quantum yield of intersystem crossing (Φisc) at RT 
significantly increase by heavy atom substitution. Our results (see Figure IV-6) suggest 
that in 1-halonaphthalenes kisc is more sensitive to spin-orbit coupling than are kp and 
kisc’. 
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Table IV-2 Photophysical parameters of naphthalene and 1-halonaphthalenes 
(2×10-4 M) in ethanol at room temperature (Eλ = 270 nm)
k f
/ 10
6
 s
-1
NA 0.20 0.83 2.1 0.86
1F-NA 0.20 0.84 5.0 2.1
1Cl-NA 0.014 0.98 2.7 5.2
1Br-NA 0.0005
a
0.97 0.078 6.3 1.2 × 10
3
1I-NA
b
- - - - -
a
Determined by the relative method using Φ f  of 1Cl-NA  
b
The quantum yields and τ f
of 1I-NA could not be determined by occurrence of photodecompositions (ref.7).
Compounds
RT
Φ f Φ isc
τ f k isc
/ ns / 10
7
 s
-1
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Figure IV-5 (a) Laser fluence dependence of  PA signals for 
Naphthalene and 2HBP in EtOH (b) PA signal 
amplitude as a function of laser fluence for 
Naphthalene and 2HBP in EtOH (Eλ = 355 nm)
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Figure IV-6 Spin orbit coupling constants dependence for normalized 
rate constants of 1-halonaphthalenes in ethanol
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IV-3-3 Phosphorescence quantum yields of benzophenone and 
4-halobenzophenones at 77K 
Using the modified apparatus in Figure IV-2 we measured the Φp of benzophenone 
(BP) and 4-halobenzophenones in ethanol at 77K to examine quantitatively the internal 
heavy atom effects of halogens on spin-forbidden transitions of aromatic carbonyl 
compounds. Figure IV-7 shows the phosphorescence spectra of BP and its 
1-halogenated derivatives in ethanol at 77K, together with their absorption spectra at 
room temperature. The emission spectrum of BP in ethanol at 77K is dominated by 
phosphorescence, and the fluorescence is not observed even at 77K. This is due to 
extremely fast S1→T1 intersystem crossing. The BP, 4-fluorobenzophenone (4F-BP), 
4-chlorobenzophenone (4Cl-BP) and 4-bromobenzophenone (4Br-BP) exhibit almost 
identical phosphorescence spectra, although 4-iodobenzophenone (4I-BP) shows 
enhancement in the 0-0 band intensity.  
In Table IV-3, the Φp values of BP and its 4-haloganated derivatives in ethanol at 77K 
obtained by using the apparatus shown in Figure IV-2 are presented together with the 
phosphorescence (τp). Because the rate of S1→T1 intersystem crossing of BP at RT is 
known to be very fast and the observed Φp values of BP and 4-halobenzophenones are 
close to unity, one can assume that the Φisc of the BP and the 4-halobenzophenones at 
77K would be unity. Therefore, the values for the kp and kisc’ can be obtained by 
substituting the Φp and the phosphorescence lifetime (τp) into the following equations: 
 
p
p
p τ
Φ
=k  (IV-16) 
p
p
isc
1
'
τ
Φ−
=k  (IV-17) 
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Table IV-3 shows that the kp and kisc’ values of BP and 4-halobenzophenones are much 
larger than those of NP and 1-halonaphthalenes (see Table IV-1), because the spin-orbit 
interaction between a 
1
(n,π*) and a 3(π,π*) state for carbonyl compounds is much larger 
than that in aromatic hydrocarbons (the El-Sayed rule [ 8 ]). In the case of 
1-halonaphthalenes, remarkable heavy atom effects were found for the rates of T1→S0 
radiative and nonradiative transitions as well as S1→T1 intersystem crossing because of 
intrinsic spin-forbidden nature of these transitions. It can be found, however, that in the 
case of 4-halobenzophenones the heavy atom effect is not observed for 4F-BP, 4Cl-BP 
and 4Br-BP and is found only in the case of 4I-BP.  
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τ p k p k isc
'
/ ms / s
-1
/ s
-1
BP 0.88 5.57 158 21
4F-BP 0.87 6.02 145 21
4Cl-BP 0.87 6.24 140 20
4Br-BP 0.87 5.39 161 25
4I-BP 0.90 1.69 534 58
Φp
Table IV-3 Phosphorescence quantum yield and lifetime of benzophenone and 
4-halobenzophenone (5×10-3 M) in ethanol at 77K (Eλ = 355 nm)
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Figure IV-7 Room-temperature absorption and 77K 
phosphorescence spectra of benzophenone
and 4-halobenzophenones in ethanol
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IV-4 Conclusions 
An instrument for measuring the absolute luminescence quantum yield of rigid 
solutions at low temperature has been developed by using an integrating sphere as a 
sample chamber. We could confirm that our integrating sphere instrument gives reliable 
luminescence quantum yield not only for room temperature solutions but also for rigid 
solutions at low temperature by measuring 9,10-diphenylanthracene in ethanol. Our 
integrating sphere instrument enables us to measure simultaneously the absolute 
fluorescence and phosphorescence quantum yields as well as the corrected 
luminescence spectra. 
The Φf and Φp of 1-halonaphthalenes suggest that the rate of S1→T1 intersystem 
crossing (kisc) is enhanced by internal heavy atom effects due to halogen substitution. 
Our results suggest that in 1-halonaphthalenes kisc is more sensitive to spin-orbit 
coupling than are kp and kisc’ 
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Summary 
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In the present thesis the absolute fluorescence and phosphorescence quantum yields 
of some standard solutions were reevaluated by using a new instrument developed for 
measuring the absolute emission quantum yields of solutions. The instrument consisted 
of an integrating sphere equipped with a monochromatized Xe arc lamp as the light 
source and a multichannel spectrometer. By using a back-thinned CCD (BT-CCD) as the 
detector, the sensitivity for spectral detection in both the short and long wavelength 
regions was greatly improved compared with that of an optical detection system that 
uses a conventional photodetector. Using this instrument, the absolute fluorescence 
quantum yields (Φf) of some commonly used fluorescence standard solutions were 
measured by taking into account the effect of reabsorption/reemission. The value of Φf 
for 5 × 10
–3
 M quinine bisulfate in 1 N H2SO4 was measured to be 0.52, which is in 
good agreement with the value (0.508) obtained by Melhuish by using a modified 
Vavilov method. In contrast, the value of Φf for 1.0 × 10
–5 
M quinine bisulfate in 1 N 
H2SO4, which is one of the most commonly used standards in quantum yield 
measurements based on the relative method, was measured to be 0.60. This value was 
significantly larger than Melhuish’s value (0.546), which was estimated by extrapolating 
the value of Φf for 5 × 10
–3
 M quinine bisulfate solution to infinite dilution using the 
self-quenching constant. The fluorescence quantum yield of 9,10-diphenylanthracene in 
cyclohexane was measured to be 0.97. 
The integrating sphere instrument was modified to determine the absolute 
luminescence quantum yield of rigid solutions at 77K. Using the modified apparatus the 
fluorescence and phosphorescence quantum yields of 1-halonaphthalenes and 
4-halobenzophenones in ethanol at 77K were measured to clarify quantitatively the 
internal heavy atom effects of halogens on the spin forbidden transitions in aromatic 
hydrocarbons and aromatic carbonyl compounds. 
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The rate constants for the phosphorescence (kp), T1→S0 intersystem crossing (kisc’), 
and S1→T1 intersystem crossing (kisc) of 1-halonaphthalenes increased remarkably as 
the atomic number of halogens increased because of enhancement in spin-orbit coupling. 
The heavy atom effects operated effectively in the following order kisc > kp> kisc’. 
In the case of aromatic carbonyl compounds, 4-halobenzophenones, significant heavy 
atom effects were observed only for 4-iodobenzophenone. This could be explained that 
in aromatic carbonyl compounds strong spin-orbit coupling between 
1
(n,π*) and 3(π,π*) 
states is already involved. 
